Choline acetyltransferase (EC 2.3
Choline acetyltransferase (EC 2.3.1.6) is the biosynthetic enzyme for acetylcholine, which is generally accepted as a neurotransmitter, at both peripheral and central cholinergic synapses (1) . Although cholinergic phenotype expression includes a number of proteins, choline acetyltransferase is a phenotypically specific marker for cholinergic neurons. Consequently, this enzyme is an important target for studying the development of cholinergic neurons and their acquisition of this phenotype. The study of cholinergic phenotype expression in Drosophila melanogaster offers several significant advantages over other animals, since acetylcholine is likely to be an important sensory neurotransmitter in Drosophila (2), high levels of choline acetyltransferase are present in the Drosophila nervous system (3), and characterized primary embryonic cultures that contain developing cholinergic cells are available (4) . In addition, Drosophila is well suited to genetic studies. Such studies have already mapped the locus for choline acetyltransferase activity on the polytene chromosomes (5) , and enzyme mutants have been isolated (5) .
Although cholinergic phenotype expression has been shown to be regulated by environmental factors (6, 7) , the mechanisms that regulate gene transcription, control translation, and direct the posttranslational relocation of this enzyme to the synapse are not known. Evidence obtained from the earlier isolation of Drosophila choline acetyltransferase (8, 9 ) and a more recent study employing Drosophila mutants (10) have indicated that this enzyme probably undergoes posttranslational modification by limited proteolysis. Unfortunately, the study of this processing and the control of expression for this important enzyme has been hampered by a paucity of structural information due to the low levels of enzyme protein present in nervous tissue. The isolation of a cDNA clone for choline acetyltransferase is expected to overcome this problem and greatly enhance our ability to understand the control of neuronal phenotype expression. We describe here the isolation and characterization of a cDNA clone for Drosophila choline acetyltransferase that was recovered from an expression library by using our previously described monoclonal antibodies to this enzyme (11) .
MATERIALS AND METHODS Construction of cDNA Library. Total RNA was extracted from adult Drosophila (Canton S) heads by the urea/LiCl method (12) . Poly(A)+ RNA was prepared by oligo(dT)-cellulose (Pharmacia, type 7) chromatography (13) . Doublestranded cDNA was synthesized from 16 ,ug of the poly(A)+ RNA as a template by using avian myeloblastosis virus reverse transcriptase, Escherichia coli DNA polymerase I (Klenow fragment), and S1 nuclease (14) . The doublestranded cDNA was treated with EcoRI methylase and E. coli DNA polymerase I (Klenow fragment) (15) . After ligation to EcoRI linkers, the double-stranded cDNA was digested with EcoRI and fractionated by Sephacryl S-1000 (Pharmacia) chromatography. Fractions containing doublestranded cDNA that were -800-5000 base pairs (bp) long were pooled and precipitated by ethanol. The double-stranded cDNA was ligated to dephosphorylated, EcoRI-cut Xgtll DNA with DNA ligase (15) . The ligated Xgt11 DNA was packaged in vitro by using a packaging mixture. The packaged library was amplified as plate lysates on agar plates (15) . The library contained 1.3 x 107 independent phage. Ninetyeight percent of the phage produced white plaques on agar plates containing 5-bromo-4-chloro-3-indolyl f3-D-galactoside and isopropyl P-D-thiogalactoside, indicating 98% of the phage were recombinants.
Screening the cDNA Library with Antibody. The library was plated on a lawn of E. coli 1090, induced with isopropyl /3-D-thiogalactoside-soaked nitrocellulose filters (15) , and screened for antigen-producing clones according to de Wet et al. (16) by using a mixture of three different monoclonal antibodies to Drosophila choline acetyltransferase (1C8, 1G4, 14) (11).
Recloning of cDNA Insert in pBR328 or pUC13 and DNA Sequencing. Phage DNA was prepared from positive clones by a plate-lysate method (17) . The cDNA insert was excised Proc. Natl. Acad. Sci. USA 83 (1986) by digestion with EcoRI and recloned into pBR328 or pUC13. Appropriate restriction fragments from the insert were subcloned into M13 mpl8 and M13 mpl9 for sequencing by the dideoxy method (18) . Ambiguous regions of the sequence were confirmed by the Maxam-Gilbert method (19) . The cDNA sequence was aligned with known peptide sequence as indicated in Fig. 3 .
Choline Acetyltransferase Purification and Amino Acid Sequencing. Choline acetyltransferase (156 ,ug) was purified from the heads (300 g) ofDrosophila (Canton S) in the same manner as described (8) . Seventy-six micrograms ofthe enzyme protein was oxidized and then subjected to digestion with trypsin according to the method of Yuan et al. (20) . Separation of the fragments was accomplished with reverse-phase HPLC (18) , which yielded -61 peaks. Several of these were subjected to sequence analysis according to the method of Hawke et al. (21, 22) . In general, each peak represented =1 nmol of material, of which about one-third was used for sequence analysis.
In Situ Hybridization to Polytene Chromosomes. Drosophila salivary gland polytene chromosome squashes were prepared for in situ hybridization as described (23) . The DNA probe was nick-translated by using a nick-translation reagent kit (Bethesda Research Laboratories) and dATP [a-35S] (1200 Ci/mmol; 1 Ci = 37 GBq; Amersham). Hybridization with "S$-labeled DNA (3 x 108 cpm/,g) was carried out and hybrids were detected according to Pardue and Gall (23) .
RNA Analysis. Drosophila head poly(A)+ RNA was electrophoresed in a 1% agarose gel containing 5 mM methylmercuric hydroxide (24) . The gel was stained with ethidium bromide (0.5 ,4g/ml) in 0.5 M ammonium acetate and washed twice with 4istilled H20 for 15 min, followed by drying in a gel-slab dryer at 60°C. The DNA probe was nick-translated using a nicktranslation reagent kit (Bethesda Research Laboratories) and [a-32P]dCTP (5000 Ci/mmol; New England Nuclear). The dry gel was hybridized with the 32P-labeled DNA probe (10 ng/ml, 5 x 108 cpm/,g) in a hybridization buffer (50o formamide, 0.9 M NaCI/50 mM sodium phosphate, pH 7.4/5 mM EDTA, 5X concentrated Denhart's solution, yeast RNA at 100 tkg/ml, 0.1% NaDodSO4) at 420C for 20 hr. The gel was washed by carrying it through a sequence consisting offour times with 0.36 M NaCl/20 mM sodium phosphate/2 mM EDTA and 0.1% NaDodSO4 at room temperature for 1 hr, twice with 18 mM NaCl/1 mM sodium phosphate/0.5 mM EDTA and 0.1% NaDodSO4 at room temperature for 15 min, twice with 18 mM NaCl/1 mM sodium phosphate/0.5 mM EDTA and 0.1% NaDodSO4 at 500C for 15 min and once with 0.36 M NaCl/20 mM sodium phosphate/2 mM EDTA and 0.1% NaDodSO4 at room temperature for 15 min.
RESULTS
Screening of cDNA Library. A Drosophila head cDNA library was screened for cDNA clones coding for Drosophila choline acetyltransferase by using a mixture ofthree different monoclonal antibodies (1C8, 1G4, 14) to the choline acetyltransferase. Fourteen positive clones were isolated by screening 6 x 106 phage. The positive clones were examined by using individual antibodies. The 1C8 and 1G4 antibodies could bind all of the 14 positive clones, but the 14 antibody could not (data not shown). Phage DNA was prepared from the positive clones, and the cDNA inserts were excised by digestion with EcoRI. The cDNA inserts ranged in size from approximately 1000 to 2500 bp (data not shown). The longest cDNA insert (-2500 bp) was recloned into pBR328. The recombinant DNA was designated pCha-2.
In Situ Hybridization. In situ hybridization to Drosophila salivary gland polytene chromosomes with IIS-labeled pCha- .#L Al'. 1: on polytene chromosome 3R (Fig. 1) . This region had been identified as the site of the choline acetyltransferase (Cha) gene by cytogenetic analysis (5) . cDNA Nucleotide Sequence and Amino Acid Sequence of Tryptic Peptides from Choline Acetyltransferase. The cDNA insert was prepared from pCha-2, and the restriction map and nucleotide sequence were determined (Figs. 2 and 3 ). The cDNA insert was found to be composed of 2474 bp. We found a coding region 2190 nucleotides long and deduced the amino acid sequence (728 amino acid residues) from the nucleotide sequence. The insert also contained a 3'-noncoding region 284 nucleotides long and EcoRI linkers.
Purified Drosophila choline acetyltransferase was digested with L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin. The tryptic peptides from the choline acetyltransferase were resolved on reverse-phase HPLC (Fig. 4) , and the amino acid sequences of 11 tryptic peptides were determined. The amino acid sequence of 11 of the tryptic peptides were found in the cDNA sequence and are indicated in Fig. 3 .
RNA Analysis. Drosophila head poly(A)+ RNA along with human rRNA for molecular weight markers were resolved in a 1% agarose gel containing methylmercuric hydroxide (Fig.  SA) . The gel was dried and hybridized with 32P-labeled pCha-2. Only one band was detected in the poly(A)+ RNA (Fig. SB) . The size of the band was deduced to be -4700 nucleotides long from the RNA markers.
DISCUSSION
We initially screened Drosophila embryonic genomic and adult head cDNA libraries, constructed in pUC13, with several oligonucleotide probes that were chemically synthesized based on the amino acid sequence of the tryptic peptide 44 from choline acetyltransferase. We isolated positive clones, but, based on the nucleotide sequences of these clones, none of them was found to be a clone coding for choline acetyltransferase (unpublished observation). This is most likely due to the difficulties in screening a large number of colonies in a cDNA library, constructed by using a plasmid vector. Subsequently, we screened an adult Drosophila head cDNA library constructed in Xgtll, using our monoclonal antibodies to Drosophila choline acetyltransferase, and were successful in recovering the clone for the enzyme described in this study. From the following evidence we conclude that the pCha-2 clone described here is a cDNA clone coding for Drosophila choline acetyltransferase. (i) Monoclonal antibodies to the choline acetyltransferase could bind the product of the recombinant Xgtll clone containing the cDNA insert.
(ii) Extensive amino acid sequence (Fig. 3) deduced from the nucleotide sequence of the cDNA insert corresponded to that of 11 tryptic peptides (a total of 107 amino acids) from choline acetyltransferase. (iii) pCha-2 hybridized specifically only to the region of the Drosophila polytene chromosome that had tion). We were able to eliminate these as authentic choline acetyltransferase clones by additional in situ hybridization, using the longest cDNA insert (1500 nucleotides) from this group of related clones. This cDNA hybridized to region 29C-F of chromosome 2L (unpublished observation), whereas the pCha-2 clone hybridized to position 91B-D, where the choline acetyltransferase gene is located (5) . Using this approach, we were able to identify the single choline acetyltransferase clone we had recovered from our antibody screening and eliminate all of the remaining clones early in the study.
Although not a focus of the present study, the mRNA represented by the 13 clones recovered independently of the choline acetyltransferase clone is by itself interesting. It appears to code for an immunologically related protein that is more abundant than choline acetyltransferase, due to the large number of clones recovered. The importance of this observation has two facets. (i) It demonstrates the power of cDNA cloning for studying the expression of proteins in the nervous system by revealing related proteins that would otherwise go undetected or unappreciated. (ii) It demonstrates the problem of protein purification based on immunological affinities. Had Drosophila choline acetyltransferase originally been purified by using immobilized-antibody columns, it is likely that the abundant protein species would not have been choline acetyltransferase, but rather the translation product of this other gene. The enzyme would have existed only as a minor contaminant. This observation emphasizes the importance of having structural information when identifying clones for a specific polypeptide. The sequencing of these other related clones and the production of a fusion polypeptide directed from the longest of the 13 clones await further investigation.
The choline acetyltransferase cDNA isolated in this study consists of a coding region that is 2190 nucleotides long, followed by a 3'-noncoding region 284 nucleotides in length. The coding region spans 728 amino acids, which is -50-100 amino acids more than is required for an average Mr 67,000 protein. 67 ,000 (7, 8) . RNA transfer analysis on Drosophila head poly(A)+ RNA, using the enzyme cDNA as a probe, estimated the enzyme's mRNA to be =4700 nucleotides long (Fig. 5) , leaving -2300 bases in the mRNA to be elucidated. Since our clone does not contain a poly(A) tail, we cannot be sure how much of the remaining sequence is in the 3' region. Considering the length of the insert and that cDNA production was directed against poly(A) tails, there could be as many as 2000 bases more in the 5' direction. Anything near this length would be an unusually long 5'-noncoding sequence and would further suggest that Drosophila choline acetyltransferase is derived from a much larger precursor. The content of the 5' region upstream of our present sequence remains to be elucidated, but, with the information gained through this study, the remaining sequence of the enzyme's message can be determined directly. An analysis of this sequence will no doubt greatly facilitate our understanding of the structure and processing of this important enzyme and of the control of cholinergic phenotypic expression.
